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Beginning with a continuous wave laser at 1064 nm, we
generate a 30 GHz electro-optic frequency comb which
contains 100 lines spanning 3 THz. The initial comb
is subsequently amplified, spectrally broadened in nor-
mal dispersion photonic crystal fiber, and then tempo-
rally compressed to provide 74 fs pulses with average
power of up to 2.6 W. When launched into a second
photonic crystal fiber with anomalous dispersion, a su-
percontinuum spanning 800-1350 nm is generated. Sec-
ond harmonic generation allows for extension of the 30
GHz comb into the visible, yielding greater than 300
THz of total spectral bandwidth. Such a broad band-
width, high repetition rate comb is a compelling source
for astronomical spectrograph calibration.
Broad bandwidth optical frequency combs with mode spac-
ing in the range of 10-100 GHz are unique sources for applica-
tions that benefit from access to and control of individual comb
modes. Specific examples include arbitrary waveform genera-
tion [1], high-speed communications [2], photonic signal pro-
cessing [3, 4], spectroscopy [5], and astronomical spectrograph
calibration [6–11]. In this high-frequency regime, electro-optic
(EO) based combs have gained considerable attention due to
their robust operation, high power per mode, ease of external RF
synchronization, and flexibility in tuning the center frequency
and mode spacing independently [12–18].
The majority of EO comb schemes have been demonstrated
in the communication band at 1.5 µm where they make use of
mature lithium-niobate modulator technology and benefit from
flexibility in fiber based dispersion control. EO comb sources
typically generate a few nanometers of bandwidth supporting
the synthesis of picosecond pulses, however, many applications
require more spectral coverage. Nonlinear spectral broadening
in optical fiber and nonlinear waveguides has been successfully
used to extend the spectrum of 10− 30 GHz EO combs centered
at 1.5 µm to greater than octave bandwidth [19, 20]. And at the
same time, powerful techniques have been employed to mini-
mize the impact of multiplicative microwave noise [19, 20] that
had previously been a primary limitation in broad bandwidth
EO comb generation [13].
There has also been interest in developing EO combs in the 1-
µm region [16, 17, 21, 22]. Here the recent progress in integrated
lithium-niobate modulator technology, coupled to the ease of
synchronization with an external frequency reference could have
particular advantages for microscopy [17] and the generation of
photoelectron bunches in accelerators [23]. Moreover, as repeti-
tion rates increase above 10 GHz the average power required to
reach high pulse energy for nonlinear spectral broadening and
harmonic generation can become a limiting factor. In the 1µm re-
gion, this can be addressed by ytterbium (Yb) power amplifiers
Fig. 1. (a) Layout of the 1µm 30 GHz EO comb experiment.
(b) Summary of spectra output from the first stage (blue) of
spectral broadening in normal dispersion photonic crystal
fiber (PCF), the second stage (red) of broadening in anoma-
lous dispersion PCF, and finally second harmonic generation
(green) in beta-barium borate (BBO). All spectral amplitudes
are normalized to their respective peak values.
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that offer unparalleled average power and the mature catalog of
supporting components designed to handle such powers.
In this paper, we describe a 1µm EO comb source that pro-
vides pulses as short as 74 fs at a 30 GHz rate with 2.6 W of
average power. For robustness and long-term stability, the core
parts of the system are implemented in polarization maintain-
ing (PM) fiber. This consists of a base EO comb generated with
four cascaded modulators, followed by dispersion management,
amplification, and controlled spectral broadening in normal dis-
persion photonic crystal fiber (PCF). Subsequent spectral broad-
ening of this unique ultrashort pulse source in an anomalous
dispersion PCF with a parabolic dispersion profile leads to a
spectrum spanning 800-1350 nm. Throughout the nonlinear
broadening, high contrast is maintained on the 30 GHz comb
lines across 150 THz. This robust source constitutes the core
infrastructure to serve as the calibrator of the Habitable Zone
Planet Finder (HPF), which is a high-resolution spectrograph
designed to find exoplanets around M dwarf stars [24, 25] . Fi-
nally, we demonstrate the capability of extending the spectral
coverage of the 30 GHz comb into the visible through second
harmonic generation. This provides approximately 300 THz of
total spectral coverage in the visible and near infrared.
Figure 1 shows a schematic of our setup and provides a sum-
mary of the output spectra measured after each stage. Our EO
comb generation scheme is similar to that in [14] and consists of
a continuous wave (CW) laser centered at 1064 nm, three lithium-
niobate phase modulators (PMs), and one intensity modulator
(IM) arranged in series. Each modulator is driven by the same
30 GHz RF source. The IM DC bias is adjusted to carve out a
flat top pulse from the CW laser and the PMs are aligned in
time using RF phase shifters to apply a strong linear frequency
Fig. 2. Output of EO comb, (a) spectra- simulated (tan) and
measured (green), (b) time domain intensity autocorrelations -
measured (green) and calculated band-limited using recorded
spectrum and assuming a flat spectral phase (tan).
Fig. 3. Data from the first stage of broadening in Normal dis-
persion PCF. (a) Measured spectra at the input (yellow) and
output of PCF1 (blue). (b) Intensity autocorrelation traces at
the input of PCF1 (yellow) and output after passing through
a grating compressor (blue-line). Calculated band-limited au-
tocorrelation using measured spectra at output of PCF1 and
assuming a flat phase (blue-shaded). The FWHM of measured
and calculated autocorrelations are ∼100 fs.
chirp across the pulse. The PM Vpi values rages from 2.5-3 V at
1 GHz and are each driven by a narrow band 3 W RF amplifier.
Each PM produces around 33 comb lines resulting in a comb
spanning ∼3 THz (see Fig.2(a)). The linear chirp applied by the
PMs leads to a nearly quadratic spectral phase which can be
well compensated using single mode fiber alone. Figure 2(b)
shows the measured intensity autocorrelation (AC) trace after
propagation through single mode fiber overlaid with the band-
limited AC which was calculated using the measured spectrum
and assuming a flat spectral phase. Using a deconvolution factor
of 1.65 the compressed pulse width is ∼330 fs.
We pass the output of the EO comb though a PM-fiber cou-
pled 30 GHz Fabry-Perot optical cavity with finesse of approxi-
mately 600 in order to suppress thermal noise before the subse-
quent amplification and nonlinear broadening stages [19]. This
filter cavity has its length actively stabilized to the 30 GHz fre-
quency comb. Additionally, we employ a programmable pulse
shaper with 27 GHz resolution (Finisar 1000A) to fine tune the
spectral phase. Although the EO comb can be compressed using
single mode fiber alone–as demonstrated above–the amount of
dispersion accumulated in fiber components between the output
of the EO comb and the broadening stages exceeds the amount
required to compress the pulse. The pulse shaper allows us to
keep the full comb generation setup, including compression and
amplification, contained in all polarization maintaining fiber-
coupled components. Additionally, the pulse shaper enables us
to make fine adjustments to the pulse chirp in real-time while
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monitoring the broadened output of the PCF.
Although our EO comb produces relatively short 330 fs pulses
directly, it has been shown that pulse durations greater than 200
fs can negatively affect supercontinuum generation in anoma-
lous dispersion fiber [26, 27]. To circumvent this issue we di-
vided our spectral broadening into two stages, denoted as 1st
Stage and 2nd Stage in Fig.1(a). The first stage utilizes a 10 m
piece of PM normal dispersion PCF with a nonlinear coefficient
of 37 W/km (NKT NL-1050-NEG-PM-FUD [28]). Normal disper-
sion broadening helps to suppress modulation instability and
retain the coherence of the broadened spectra [27, 29]. Figure
3(a) shows the input (yellow) and output (blue) spectra of the
first broadening stage when the input optical power is set at 4.1
W. The PCF coupling efficiency was ∼78% which left 3.2 W of
optical power and sufficient bandwidth to support a pulse dura-
tion of ∼70 fs. The ends of the PCF were capped with coreless
fiber to expand the mode and terminated in SMA connectors to
improve coupling efficiency and provide stability when working
at high average powers. After exiting the PCF the broadened
spectra is sent through a grating compressor which shortens the
pules to ∼74 fs at their full width half max (FWHM). Figure 3(b)
shows the measured AC traces at the input of the PCF (yellow)
and after the grating compressor (blue). Also included is the
calculated band-limited trace (light blue) which was calculated
using the measured spectrum at the output of the PCF and as-
suming a flat spectral phase. The output power from the grating
compressor was measured at ∼2.6 W which corresponds to a
peak power of ∼1.2 kW.
After exiting the grating compressor the band-limited pulse
train is directed to the second stage of broadening which consists
of a 0.5 m piece of anomalous dispersion PCF (NKT ZERO-1050-
2). The output of Stage2 is then coupled into a 7 m piece of
SM980 fiber and recorded with an optical spectrum analyzer
(OSA) at 0.02 nm resolution. The measured spectrum is plotted
in Fig.4(a) and exhibits a smooth spectral envelope which ex-
tends more than 150 THz, covering the wavelength range from
800-1350 nm. Figure 4(b and c) provide zoomed-in traces of the
resolved 30 GHz comb modes at the short and long wavelength
regions of the spectrum, respectively. The extinction on the short
wavelength side is limited by the resolution of the OSA. The
comb power measured in free space directly after the PCF was
1.8 W which corresponds to more than 1 µW/mode at the lowest
part of the spectrum.
The high average powers can enable extension of the broad-
ened 1 µm comb to the visible. Taking the free space output of
Stage2 and focusing it into a thin BBO crystal generates a 30 GHz
comb at twice the center frequency through a combination of
SHG and sum frequency generation (SFG). After the crystal the
fundamental 1 µm comb is filtered out and the remaining visible
light is coupled into a large core fiber for measurement with the
OSA. The OSA was set on MaxHold as we gradually adjusted
the orientation of the crystal to provide phase matching over
the largest possible bandwidth. The output spectrum measured
at 1 nm resolution is shown in Fig.5 alongside a portion of the
original spectrum (purple) for comparison. The visible comb
spans 150 THz in total with over 70 THz in a 10 dB bandwidth.
The total power in the visible comb is ∼1 mW.
In summary, we have generated a 30 GHz comb source cen-
tered at 1064 nm, compressed its pulses to <100 fs in duration,
and extended its bandwidth to cover more than 150 THz in the
NIR with over 1 µW/mode. Combs with mode spacing greater
than 10 GHz and large spectral coverage are ideal candidates
for calibrating astronomical spectrographs. Further, we have
Fig. 4. Output spectra from the second stage of broadening in
anomalous dispersion PCF. (a) Full spectrum taken at 0.02nm
resolution with a Optical Spectrum Analyzer (OSA). (b,c)
Zoomed in spectra corresponding to blue shaded regions in
(a). We note, the jagged nature of the zoomed traces are a rep-
resentitive of the OSA.
demonstrated the ease by which our 1 µm NIR comb can be
frequency doubled to produce a broadband frequency comb in
the visible–a region of the spectrum that has traditionally been
challenging to reach with frequency comb technology having
mode-spacings in the 10+ GHz range.
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